1. Introduction {#sec1}
===============

[1](#fn1){ref-type="fn"}The soaring cost of Portland cement, an essential construction material that is used principally as binder in cement-based construction, has necessitated the need to find replacement for it either partially or wholly. Replacement of cement assist greatly to drive down the cost of construction as well as to cause a reduction in greenhouse gases generated during its production \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]\]. Several potential low cost materials such as bone powder ash \[[@bib9]\], granite sludge \[[@bib10]\], ceramic waste powder \[[@bib11]\], cement kiln dust \[[@bib1]\], slag waste \[[@bib12]\], and others \[[@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18]\]which are otherwise considered as waste materials have been recycled and used as partial replacement of cement in eco-friendly and low cost cement-based construction.

Numerous eco-friendly and low cost cement-based construction products abound in practice. One of such products is sandcrete block, which is a composite material produced from a mixture of Portland cement, water and fine aggregate in the absence of coarse aggregate. Sandcrete blocks are utilized mainly in West African countries particularly Ghana and Nigeria as walling unit because of its alluring and beneficial properties, which include low shrinkage, high CS, high density and low thermal conductivity \[[@bib19], [@bib20], [@bib21], [@bib22], [@bib23]\]. Transmission of structural loads from overlaying structural elements to the foundation for stability is done frequently using sandcrete blocks. However, sandcrete block properties are adversely affected by some factors. Inadequate water content, poor haulage and storage, improper molding, poor mixing of constituent materials, inadequate curing and poor quality of constituent materials as well as poor batching of aggregates are some of the prominent factors identified by Baiden and Tuuli \[[@bib23]\] and Uzoamaka \[[@bib24]\] that affect sandcrete block properties negatively. Lately, several methods have been adopted or recommended to improve the quality of sandcrete blocks produced.

Kolovos et al. \[[@bib25]\], investigated the physical and mechanical properties of sandcrete blocks produced by partial replacement of cement with metakaolin. The results obtained showed considerable improvement in the properties of the produced sandcrete blocks when there was increase in percentage of metakaolin. The metakaolin was added by weight of the cement. Similarly, Omoregie \[[@bib26]\] studied the CS of hollow sandcrete blocks and cubes modified with steel chips. The steel chips were added from 1% up to 15%, and the CS was determined after 7, 14 and 28 curing days. The results obtained show that at all curing age, the CS gradually increased to attain peak values at 4% steel chip inclusion, after which the strength rapidly declined. The optimally developed hollow sandcrete block with 4% steel chips was found to be suitable as both load bearing and non-load bearing internal masonry units. Ikeagwuani et al. \[[@bib27]\] evaluated the strength properties of two sets of sandcrete blocks whose cement contents were replaced partially with an agro-based material, CSA. The first sets of sandcrete blocks were produced with E/C ratio of 1:1 while the second sets of sandcrete blocks were manufactured with E/C ratio of 1:2. Significant improvement in the sandcrete blocks strength properties (CS, WA, sorptivity and BD) determined were observed at 10% replacement of the cement with CSA for both the first and second sets of sandcrete blocks.

Mohammed and Cheeseman \[[@bib22]\] utilized an industrial waste, oil drill cuttings, which are fine fragments of shale and sandstone, to improve the properties of sandcrete blocks in their study. The results obtained from the sandcrete blocks produced with the waste oil drill cuttings treated with thermal desorption showed significant improvement in the properties evaluated. An increase in density of the sandcrete blocks and reduction in the sorptivity, WA and thermal conductivity was observed when 50% weight of sand was replaced with the treated oil drill cuttings. Akinyele and Toriola \[[@bib28]\] studied the effect of crushed plastics on sandcrete block properties and noted that optimal CS was observed in sandcrete blocks which contained 5% crushed plastics used to partially replace fine aggregate.

Cassava peel ash was utilized in the study by Amartey et al. \[[@bib29]\] for the partial replacement of cement in sandcrete block production. The blocks were prepared at up to 30% additive replacement, considering various W/C ratios (0.45, 0.5, 0.55 and 0.60). The result obtained showed that the CS general decreased with increase in both the additive content and the W/C ratio. Okpala \[[@bib30]\] adopted rice husk ash as a cement blended admixture in the production of sandcrete blocks. Various percentage replacements were used including 30%, 40%, 45%, 50% and 60%. At 30% replacement, after 90 days curing period, the CS was found to decline by about 28% and 33% for respective cement to sand ratios of 1:8 and 1:6. Further drop in CS was observed at higher percentage replacements. In a related study, sawdust ash was used to complement cement in hollow sandcrete block manufacture \[[@bib31]\]. Different percentages of sawdust ash, ranging from 5% to 25% with four intervals and varying curing ages (3, 7, 14, 21, 28 and 56 days) were studied. The result obtained clearly showed that the use of sawdust ash caused a significant reduction in CS. Furthermore, the CS continuously increased with increase in curing time for all percentage replacements. At 56 days curing, reduction as much as 33% was observed for 25% replacement in comparison with the control.

Despite the improvement in the properties of sandcrete blocks produced after the inclusion of economical additives to it, there appears to be a seeming lack of interest among researchers in incorporating mathematical models to optimize the constituents of sandcrete blocks in other to achieve optimal results in its properties. It is against this backdrop that this study seeks to integrate Taguchi method, an optimization technique to enhance the properties of sandcrete blocks used in practice. An industrial waste, CSA was included into the design and production of sandcrete blocks. This was used to replace cement partially and also to act as binder in the mixture in other to achieve a low-cost hollow sandcrete blocks production.

1.1. Taguchi method {#sec1.1}
-------------------

Taguchi method for the optimization of process parameters is an effective tool that is being utilized in most industries since its introduction in the design of experiments. Taguchi approach is an off-line quality control technique done to improve the manufacturability and reliability of a product as well as to cause a reduction in its lifetime cost and product development. Prior to the introduction of Taguchi method, manufacturers of most products use off-line quality control methodology which are less developed than the one proposed by Taguchi. In addition, they were not extensively used in on-line quality control. The off-line quality control methods utilized by most product manufacturers include sensitivity analysis, prototype tests, reliability studies, design reviews and accelerated life tests \[[@bib32]\].

Taguchi adopted a three-stage approach or fundamental principles in his off-line quality control method for process optimization. The three-stage approach for the optimization of an engineering system proposed by Taguchi includes system design, parameter design and tolerance design \[[@bib33], [@bib34], [@bib35], [@bib36]\]. In addition to the three-stage approach, Taguchi method also uses two essential tools for the optimization of process parameters and they include special matrices of matrix experiments known as orthogonal arrays that enables parameters effect to be evaluated efficiently and the S/N ratios.

The S/N ratio is used for the interpretation of experimental factors and optimization of performance. It signifies the ratio between signal power to that of noise power. The S/N ratio term is used frequently in the field of communication and electrical engineering where it is highly desirable to maximize an amplifier output whilst reducing its noise level to the barest minimum. Performance variability or deviation of the selected parameters when noises are present is determined using the S/N ratio function. Higher deviation from the target or ideal value implies a higher loss in quality \[[@bib37]\].

Typically, product development using the Taguchi method often requires the execution of a sequence of objectives after obtaining results of the experimental design \[[@bib32], [@bib38]\]. The first involves the identification of the best level setting of the process parameters, which is executed by computing the level averages. The second step requires the determination of the contribution of each factor to the variation of the responses through analysis of variance. This is usually useful in tolerance design so as to tighten the range of the significant factors in subsequent experiments. Finally, the optimum value of the responses is computed using the best level setting of the process parameters by applying the additive formula.

The Taguchi method has been applied in various engineering applications for product development. Kurt et al. \[[@bib39]\] applied the Taguchi method for optimizing the process parameters in dry drilling processes. The responses optimized were the surface finish and hole diameter accuracy. The result show that minimum diametral error was obtained using a drilling depth of 15 mm, feed rate of 0.15 mm/rev, cutting speed of 30 m/min and HSS drilling tool. On the other hand, optimal surface finish was achieved using a feed rate of 0.15 mm/rev, cutting speed of 30 m/min and HSS drilling tool. Kumar and Singh \[[@bib40]\]optimized the turning parameters of the dry turning process. These parameters include tool nose radius, cutting speed, feed rate and depth of cut, in which the optimum responses were respectively obtained at 0.4 mm, 78.88 m/min, 0.05 mm/min and 0.4 mm. Taguchi method was utilized in the optimization of CS of ternary blended self-compacting mortar by Teimortashlu et al. \[[@bib41]\]. The process parameters involved included fly ash content, slag content and nano silica content. The results of the study indicated that the fly ash content contributed most to the CS, followed by the nano silica and then the slag. An optimum CS of 38.5 MPa was gotten using 20% fly ash, 20% slag and 4% nano silica in comparison with 28.56% of the control. Several other applications of the Taguchi method have been reported in several literatures \[[@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47]\].

2. Materials and method {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Fine aggregate (sand) utilized in this study was collected from a sand deposit located at Akachele hill, Obimo (L 6°49′36″N, L7°19′15″E), Enugu state situated in the eastern part of Nigeria. The sand deposit where the aggregate was obtained can be classified as pit sand. Other classifications of sand include river sand, crushed stone sand and sea sand \[[@bib21]\]. [Table 1](#tbl1){ref-type="table"} shows the physical properties of the sand used in this study while its particle size distribution (PSD) curve is shown in [Figure 1](#fig1){ref-type="fig"}. The PSD of the sand was performed in accordance with BS 812 \[[@bib48]\]. As illustrated in [Figure 1](#fig1){ref-type="fig"}, the PSD curve of the sand falls within the stipulated band limit of the NIS 978 code \[[@bib49]\]. Furthermore, the natural moisture content of the fine aggregate was 2.52% while its specific gravity was 2.61.Table 1Physical properties of fine aggregate.Table 1S/NPropertiesValues1Specific gravity2.612Water absorption, %2.523Fine materials, % (\<75μm)2%4Fineness modulus2.76Figure 1Particle size distribution curve of sand.Figure 1

The PLC, which was used as the binder in the sandcrete mixture, was obtained commercially from Nsukka, Enugu state, Nigeria. The cement grade was 42.5R and it met the requirements of NIS 444-1 \[[@bib50]\]. The chemical composition of the PLC, which is also described as CEM II by NIS 444-1 \[[@bib50]\], is illustrated in [Table 2](#tbl2){ref-type="table"}. The specific gravity conducted in accordance with BS 812 \[[@bib48]\] on the PLC gave a value of 3.15 while the initial and final setting times of the cement gave values of 116mins and 302mins respectively. These values (initial and final setting times) are within acceptable limit as pointed out by Joel and Mbapund \[[@bib51]\].Table 2Chemical composition of materials.Table 2Element oxidePLC (%)CSA (%)Silica (SiO~2~)10.3143.5Iron oxide (Fe~2~O~3~)6.2212.6Alumina (Al~2~O~3~)2.4115.2Phosphorous oxide (P~2~O~5~)-0.4Soda (Na~2~O)0.0010.47Potash (K~2~O)-8.49Lime (CaO)78.353.25Magnesia (MgO)0.0035.01Titanium oxide (TiO~2~)0.3-Magnesium oxide (MnO)0.060.19SO~3~0.9-CuO0.02-ZnO-0.5SrO0.03-ZrO~2~0.004-Co~3~O~4~0.004-HgO0.12-Loss on ignition1.26810.39

Portable water was used in the production of the sandcrete blocks in this study. The portable water was free from harmful acid, alkalis and organic materials. Baiden and Asante \[[@bib21]\] noted that the water to be used for the production of sandcrete blocks should equally be fit for drinking and that the dissolved solid present in it should not exceed 200 parts per million. The pH value should range from 6.0 to 8.0.

Coconut shell that was used for the production of CSA, one of the process parameters to be optimized, was sourced locally from Nsukka. It is a 5--10 mm thick fibrous outer layer of coconut shell \[[@bib52], [@bib53]\]. [Table 2](#tbl2){ref-type="table"} shows the chemical composition of the CSA used in this study. The result shows that CSA is pozzolanic and can be classified as class F with sum of SiO~2~, Al~2~O~3~ and Fe~2~O~3~ above 70% and SO~3~ less than 5% \[[@bib54]\].

2.2. Production of coconut shell ash {#sec2.2}
------------------------------------

The procedure for the production of the CSA employed in this study is similar to the method described by Ikeagwuani et al. \[[@bib27]\] but with slight modification. The method involves two stages, which are the preparation and carbonization stages. In the preparation stage, the coconut shells used for the production of the CSA were sun-dried for a duration of one week after collection. After drying, the coconut shells were broken down into smaller fragments with the aid of a hammer and then poured into a large tray where it was allowed to dry further under the sun for three days, to remove any entrapped moisture. In the carbonization stage, the sun-dried coconut shells were transferred into the furnace and incinerated at a temperature of 400 °C in accordance with the procedure described by Amarnath \[[@bib55]\]. Shortly after burning, the coconut shells were removed from the furnace and made to cool rapidly in less than an hour by sprinkling little amount of water on it ([Figure 2](#fig2){ref-type="fig"}). This was done in other to prevent the burnt coconut shell from turning into ash suddenly thereby reducing the amount of the ash produced. The burnt and later cooled coconut shells were crushed in a crushing machine where it was reduced into powdery form. The crushed coconut shell ash was then made to pass through Bs. No 200 test sieve and packaged in air-tight container prior to usage.Figure 2Burnt coconut shell.Figure 2

2.3. Optimization with Taguchi method {#sec2.3}
-------------------------------------

As noted earlier, Taguchi approach uses two essential tools for the optimization of process parameters and they include the S/N ratios and special matrices of matrix experiments known as orthogonal arrays that enables parameters effect to be evaluated efficiently and also allows data to be analyzed easily.

### 2.3.1. Orthogonal array selection for sandcrete block production {#sec2.3.1}

In the generation of the orthogonal arrays, Taguchi mixed level L18 (6ˆ1 x 3ˆ2) orthogonal array was chosen. This is because it is the minimum array which can achieve a balanced design for the mixed level factors considered in the present study. The process parameters, which are the controllable factors to be optimized, include W/C ratio, CSA content and E/C ratio of the mold used for the production of sandcrete blocks. For the assignment of levels to the process parameters, the E/C ratio was assigned two levels while the W/C ratio and the CSA were assigned three levels each as shown in [Table 3](#tbl3){ref-type="table"}. Two levels were used for the E/C ratio because it is required to investigate the improvement in sandcrete block properties due to a new mold design, which was compared with the conventionally used mold \[[@bib27]\]; hence, the two levels. For the CSA and W/C ratio, a previous study suggested optimal performance for CSA of 10% and W/C ratio of 0.60 \[[@bib27]\]. Hence, the present study sought to tighten the range close to those values by selecting one level above and below the aforementioned optimum from previous study; hence, the three levels investigated. The design of the orthogonal array was done such that a balanced design was achieved by ensuring that for each level of any factor, all other levels of that factor was represented equal number of times \[[@bib56]\]. Each row of the orthogonal array corresponds to the number of experiments to be conducted. The orthogonal array generated for the production of the sandcrete blocks is presented in [Table 4](#tbl4){ref-type="table"}.Table 3Process parameters with their various levels.Table 3S/NProcess parametersLevel1231E/C ratio1:21:1-2W/C ratio0.550.600.653CSA51015Table 4Layout of the orthogonal array.Table 4S/NActual valuesCoded valuesE/C ratioW/C (%)CSAABC11:20.55511121:20.551011231:20.552011341:20.60512151:20.601012261:20.602012371:20.65513181:20.651013291:20.6520133101:10.555211111:10.5510212121:10.5520213131:10.605221141:10.6010222151:10.6020223161:10.655231171:10.6510232181:10.6520233

### 2.3.2. Signal-to-noise ratio {#sec2.3.2}

Signal-to-noise ratio used for optimization in Taguchi method was designed such that the desirable positive value can be obtained and it depends on the quality characteristics criteria \[[@bib57]\]. The quality characteristic is described as an appealing outcome that is not unconnected with evaluations and estimated values plus the units of measure \[[@bib38]\]. There are three variants of quality characteristics being measured by the S/N ratio formula and they are smaller-is-better ([Equation 1](#fd1){ref-type="disp-formula"}) which can be used to minimize the response; larger-is-better function ([Equation 2](#fd2){ref-type="disp-formula"}) which maximizes the responses; and nominal-is-best function ([Equation 3](#fd3){ref-type="disp-formula"}) which normalizes the responses \[[@bib58]\]. In this study, SIB function was employed to optimize the WA while BD and CS were optimized using the LIB function.$$\eta = - 10log_{10}\left( {\frac{1}{w}\sum\limits_{q = 1}^{w}y_{q}^{2}} \right)$$$$\eta = - 10log_{10}\left( {\frac{1}{w}\sum\limits_{q = 1}^{w}\frac{1}{y_{q}^{2}}} \right)$$$$\eta = 10log\frac{S_{y}^{2}}{{\overline{y}}_{q}}$$where,

$\eta$ signifies the S/N ratio

$w$ represents the number of the response replicates

$y_{q}$ signifies the responses of the replicated experiments for each test run

${\overline{y}}_{q}$ represents the average response of the experimental replications

$S_{y}^{2}$ is the series sample variance

### 2.3.3. Effect of parameter on responses {#sec2.3.3}

Every parameter effect on the responses was evaluated. . This was achieved by setting a particular parameter to a certain level, obtaining the mean of all the responses of every experiments in which that parameter was set to that level and then subtracting the overall mean of the responses from it. [Eq. (4)](#fd4){ref-type="disp-formula"} was applied to determine each parameter effect on the responses.$$P_{d} = \frac{1}{n}\sum\limits_{j = 1}^{n}y_{j} - {\overline{y}}_{o}$$$P_{d}$ represents the effect of parameter $P$ on level $d$, and $n$ is the number of experiments

### 2.3.4. Analysis of variance (ANOVA) {#sec2.3.4}

A thorough statistical approach useful for quantifying the effect of process parameters on the responses is the ANOVA. The ANOVA considers the relative variations of the responses, as well as the mean values from the target values, considering the S/N ratio function \[[@bib32], [@bib56]\]. This procedure was used to analyze the results in order to quantify the relative contributions of the factors to the changes in the responses. It was also used to identify factors which had a statistically significant effect on the responses. This is executed by computing the sum of squares (SS), mean squares (V), variance ratio (F-ratio), percentage contribution (P) and tail probability (p-values), considering the degrees of freedom (DOF) of each process parameter \[[@bib32], [@bib56]\].

### 2.3.5. Prediction of responses {#sec2.3.5}

The optimized responses can be predicted once each parameter effect on the responses, the overall mean and the S/N ratios have been calculated. The governing equation utilized for the prediction of the responses is expressed mathematically as shown in [Eq. (5)](#fd5){ref-type="disp-formula"}:$$Y_{pred} = \overline{k_{o}} + \sum P_{e} + \sum I_{e} + \varepsilon$$where

$\overline{k_{o}}$ represents the overall mean of the responses or overall mean of the S/N

$P_{e}$ represents the parameter effects on the responses

$I_{e}$ signifies the interaction effect of the responses

$\varepsilon$ represents the statistical error

In the Taguchi method adopted for the present study, statistical error or interaction of parameters were not considered during its formulation. Therefore [Eq. (5)](#fd5){ref-type="disp-formula"} is reduced to:$$Y_{pred} = \overline{k_{o}} + \sum P_{e}$$

2.4. Production of sandcrete blocks {#sec2.4}
-----------------------------------

The nominal dimension of the molds (450 × 225 × 150mm) utilized for the sandcrete blocks production was in accordance with NIS 978 \[[@bib49]\]. [Figure 3](#fig3){ref-type="fig"} shows the schematic diagram of the molds while [Figure 4](#fig4){ref-type="fig"} displays the molds used in the study. The molds are similar to the ones utilized by Ikeagwuani et al. \[[@bib27]\] in their study on the improvement of sandcrete blocks with coconut shell ash. In this present study, the sandcrete blocks were produced using a sand/binder ratio of 6:0 \[[@bib59]\]. The constituent materials for the sandcrete blocks were manually and thoroughly mixed to obtain a homogenous mixture. This ensures that sandcrete blocks of good quality were produced \[[@bib23]\]. After mixing the materials thoroughly, it was transferred gently into the mold that was placed on a flat wooden pallet and compacted by employing hand ramming compaction method. The hand ramming compaction method is one of the three types of compaction methods that can be employed for the compaction of the mixture in the mold \[[@bib21]\].Figure 3Schematic diagram of the moulds: (A) mould with end-web to centre-web ratio of 1:1; (B) mould with end-web to centre-web ratio of 1:2.Figure 3Figure 4Fabricated moulds: (a) mould with end-web to centre-web ratio of 1:1; (b) mould with end-web to centre-web ratio of 1:2.Figure 4

Other methods include manual tamping machine and the motorized vibration method. The hand ramming compaction method has the advantage that it is relatively inexpensive and it gives a higher CS than the manual tamping machine method as well as being commonly used on site for the production of sandcrete blocks \[[@bib21]\]. Shortly after compaction, the freshly prepared sandcrete blocks were de-molded. The produced sandcrete blocks were cured for 28 days to allow for the development of sufficient strength of the blocks. Curing was done by sprinkling water on the manufactured blocks twice daily (morning and evening) and then covering with damp sacks in other to prevent loss of moisture and to allow for sufficient hydration of the binder. All the tests conducted on the sandcrete hollow blocks were performed in triplicate. [Figure 5](#fig5){ref-type="fig"} shows the produced sandcrete hollow blocks.Figure 5Freshly prepared hollow sandcrete blocks.Figure 5

This study utilized the NIS 978 \[[@bib49]\] to perform the experimental tests. The NIS 978 \[[@bib49]\] standard was used because most international standards, to the extent of the authors' knowledge, did not make adequate provision for testing of hardened sandcrete blocks. The explanation for this inadequate provision can be adduced to the limited applicability of sandcrete blocks in most parts of the world. As remarked earlier, sandcrete blocks are used predominantly in West African countries particularly Nigeria, Ghana and Senegal.

Furthermore, most international standard testing schemes are dedicated largely to the testing of hardened concrete blocks or bricks which does not account for the peculiarities associated with the sandcrete blocks. For instance, BS EN 12390, Part 3 \[[@bib60]\], which deals with the testing of hardened concrete, specifies that during the application of load to the hardened concrete blocks, that constant loading rate should be $5 \mp 0.5N/mm^{2}.s$ for concrete blocks with CS less than or equal to $7N/mm^{2}$, and $10 \mp 0.5N/mm^{2}.s$ for concrete blocks with CS greater than $7N/mm^{2}$. These constant loading rates specified in the BS EN 12390, Part 3 \[[@bib60]\] are high and cannot be favorably utilized for the testing of hardened sandcrete blocks. The NIS 978 \[[@bib49]\] code, unlike the BS EN 12390, Part 3 \[[@bib60]\] specifies a much lower constant loading rate to account for any low CS that may develop during the testing of the hardened sandcrete block.

In addition, the specification for the test sizes and shapes of the blocks to be molded are not similar in both the BS EN 12390 Part 1 \[[@bib61]\] and NIS 978 \[[@bib49]\] codes, therefore subjecting them to similar tests may not be appropriate. Lastly, in the determination of WA of the hardened blocks, the NIS 978 \[[@bib49]\] standard specified that the blocks should be immersed completely in water for 24 h whereas the BS 1881, Part 122 \[[@bib62]\] stipulates that the hardened concrete should be immersed in water for $30 \mp 0.5$ min. The NIS 978 \[[@bib49]\] standard, in terms of WA test, is more robust because it simulates the worst possible condition the hardened sandcrete blocks will be exposed to in practice.

2.5. Experimental procedure {#sec2.5}
---------------------------

The experimental procedure adopted in this study was carried out based on the guidelines stated in the NIS 978 \[[@bib49]\] standard. The test performed on the hardened sandcrete blocks include CS, BD and WA as recommended in the NIS 978 \[[@bib49]\] standard.

### 2.5.1. Compressive strength {#sec2.5.1}

Compressive strength test was conducted in accordance with NIS 978 \[[@bib49]\]. The test was carried out by subjecting the samples to axial loads from compression machine until failure occurred. The load was applied at strain rate of 5N/mm^2^ per minute. The CS test for each experimental run was conducted in triplicate.

### 2.5.2. Bulk density {#sec2.5.2}

Bulk density of sandcrete hollow blocks is an indication of how well the constituent materials are closely packed together within the sandcrete blocks. The procedure described by NIS 978 \[[@bib49]\] was used for the determination of the BD of the sandcrete hollow blocks in this study. Samples were dried to a constant mass at a temperature of 110 °C in an oven, cooled at room temperature (27 °C $\mp$ 2 °C) and weighed to the nearest kilogram. Subsequently, the volumes of the sandcrete blocks were determined and the bulk densities calculated thereafter. The BD was determined in triplicate and the average value reported.

### 2.5.3. Water absorption {#sec2.5.3}

Water absorption of the hollow sandcrete blocks was done in accordance with NIS 978 \[[@bib49]\]. Samples were dried in an oven to a constant mass, cooled at room temperature for 24 h, and weighed. The dried samples were later immersed in water for 24 h and weighed again. Thereafter, the WA of the sandcrete blocks was estimated and recorded. The WA test was also performed in triplicate for each experimental run and the mean value reported.

3. Result and discussion {#sec3}
========================

3.1. Experimental results {#sec3.1}
-------------------------

[Table 5](#tbl5){ref-type="table"} shows the summary of the S/N ratio mean laboratory results obtained with the designed Taguchi mixed level orthogonal array. It can be seen from [Table 5](#tbl5){ref-type="table"} that the CS varies from a minimum value of 2.74N/mm^2^ to a maximum value of 4.07 N/mm^2^. Similarly, in [Table 5](#tbl5){ref-type="table"}, the BD was observed to vary from a minimum value of 1797.97 kg/m^3^ to a maximum value of 2083.51 kg/m^3^. Lastly, for the WA, the minimum and maximum values were observed as 9% and 16% respectively.Table 5Summary of laboratory results performed with the Taguchi designed experiment.Table 5S/NProcess parameterCS (N/mm^2^)S/N ratio (dB)BD (kg/m^3^)S/N ratio (dB)WA (%)S/N ratio (dB)ABC11113.5610.982025.2466.122314.423.2121123.2610.211945.6065.772014.723.3831132.969.421884.9265.504515.924.0541213.6311.192017.6666.096611.521.1951223.4810.821881.1365.487615.723.7261233.5610.981934.2265.730114.022.7271314.0712.192093.5166.416513.022.7081324.0012.011964.5665.864914.323.1391333.5610.982059.3866.274510.019.72102113.4110.641938.4465.748013.021.83112122.969.421917.3765.654113.022.06122132.748.741797.9765.090416.024.08132213.4810.751875.2365.460314.323.13142222.818.971994.6265.995211.321.14152232.748.742019.2066.103511.321.09162313.3310.422005.1666.035711.020.85172323.9311.872036.7666.176810.319.41182333.5610.981994.6265.980810.120.03

3.2. Analysis of Taguchi results {#sec3.2}
--------------------------------

### 3.2.1. Compressive strength {#sec3.2.1}

The mean and S/N ratio values of the CS are shown in [Table 5](#tbl5){ref-type="table"}. It is clear that the values of the CS for all the designed mix exceeded the recommended value of 1.5N/mm^2^ specified in the Nigerian Industrial Standard for non-load bearing sandcrete blocks \[[@bib49]\]. Analysis of the results obtained from the orthogonal array is further executed to identify the optimal settings of the process parameters of the sandcrete block based on the results in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} and [Table 6](#tbl6){ref-type="table"}. The maximum values of CS and S/N ratio in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} indicate that the best setting of the process parameters can be obtained at levels 1, 3 and 1 for E/C ratio, W/C ratio and CSA content respectively. The result in [Table 6](#tbl6){ref-type="table"} further illustrated that the order of relevance of the process parameters for improving the CS can be arranged in descending order as W/C ratio, E/C ratio, and CSA content.Figure 6Parameter effect on the mean CS.Figure 6Figure 7Parameter effect on the mean S/N ratio for the CS.Figure 7Table 6Parameter effects on the CS and Taguchi S/N ratio.Table 6LevelCS (kN/m^2^)Taguchi η (dB)ParameterParameterABCABC13.564∗3.1483.580∗10.978∗9.90111.028∗23.2183.2843.40710.05810.24210.5513-3.741∗3.185-11.410∗9.975Δ0.3460.5930.3950.9191.5091.053Rank312312[^1][^2]

ANOVA was conducted on the S/N ratio values to determine the process parameters which had statistically significant effect on the changes in the CS. The result is summarized in [Table 7](#tbl7){ref-type="table"}. The result shows that all the process parameters have a statistically significant effect on the CS S/N ratio at 0.05 alpha level. The relative percentage contributions of the process parameters to the CS S/N ratios are given, which shows that the W/C ratio contributed most to the strength variation, followed by the E/C ratio and then the CSA content. This result is consistent with that in [Table 6](#tbl6){ref-type="table"}. The relative contributions of the process parameters observed can be attributed to the role they played in improving the CS values.Table 7ANOVA for CS S/N ratio.Table 7Process parameterDOFSSVF-ratiop-valuePE/C ratio13.8043.8049.2530.01019.4W/C ratio27.5173.7589.1430.00438.4CSA23.3361.6684.0580.04517.0Error124.9330.41125.2Total1719.590100.0

Improvement in the CS can be adduced to the rate of strength gain during cement hydration and pozzolanic reaction between LPC and CSA. The reaction is initiated with the hydration of cement on addition of water. Hence, it is expected that the quantity of available water necessary for the chemical reaction process is the most crucial factor in the rate of strength gain and formation of cementitious compounds such as CSH and CAH. The W/C ratio is therefore the controlling process parameter which determines the strength gain with time. It is known that more water is needed to sustain the strength gain, as with higher curing period (28 days) in the presence of moisture, more cementitious compounds are formed. This explains why level 3 of the W/C ratio is the optimum for CS gain. For the E/C ratio, level 2 was the optimum level because considering the as-cast surface of the block as a beam with more thickness for the centre web which serves as the internal support, the block can be able to sustain higher load due to higher support reaction at the center web \[[@bib27]\]. The optimal level 1 obtained for the CSA can be explained in terms of the chemistry of the pozzolanic reaction, which led to long-term strength gain with curing. An important hydration product which results from the hydration reaction involving the alite (C~2~S) and belite (C~3~S) in the cement is portlandite (Ca(OH)~2~). The portlandite is capable of reacting with the nano silica and alumina particles in the CSA to form nano phases of CSH and CAH. The pozzolanic reaction however, thrives on the availability of an alkaline medium, provided by the portlandite \[[@bib63], [@bib64], [@bib65]\]. With exhaustion of the available portlandite due to reaction with more CSA, the alkalinity declines. This is usually associated with a gradual drop in strength \[[@bib63], [@bib64], [@bib65]\]. This is what happened at higher levels of the CSA; thus, the optimal strength was achieved at level 1, which provided favorable alkalinity for the pozzolanic reaction.

The values of the CS for the various optimum levels are summarized in [Table 8](#tbl8){ref-type="table"}. The optimum value of the CS is identified from [Table 5](#tbl5){ref-type="table"} as 4.074N/mm^2^, which can be predicted using the optimal level values in [Table 8](#tbl8){ref-type="table"}. The optimum value of the CS met the requirement of 3.5N/mm^2^ stipulated for load bearing sandcrete blocks in the Nigerian Industrial Standard \[[@bib49]\].Table 8Optimal level values for the CS.Table 8Process parameterLevelCS value (kN/m^2^)S/N response value (dB)A13.56410.978B33.74111.410C13.58011.028

### 3.2.2. Bulk density {#sec3.2.2}

The mean BD and S/N ratio result is presented in [Table 5](#tbl5){ref-type="table"}. The result show that the designed experimental mix obtained using the mixed level orthogonal array are reasonably satisfactory, based on the limit of 1800 kg/m^3^ specified by the Nigerian Industrial Standard for sandcrete block quality \[[@bib49]\]. An in-depth analysis of the BD using the Taguchi approach is executed using the results in Figures [8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"} and [Table 9](#tbl9){ref-type="table"}. Maximum values of the BD and S/N ratio are obtained at levels 1, 3 and 1 for the E/C ratio, W/C ratio and CSA content respectively. The process parameter effects presented in [Table 9](#tbl9){ref-type="table"} reveal that the order of importance of the process parameters in ascending order is obtained as E/C ratio, CSA content and W/C ratio.Figure 8Parameter effect on the mean BD.Figure 8Figure 9Parameter effect on the mean S/N ratio for the BD.Figure 9Table 9Parameter effects on the BD and Taguchi S/N ratio.Table 9LevelBD (kN/m^3^)Taguchi η (dB)ParameterParameterABCABC11978∗19181993∗65.92∗65.6565.98∗219531954195765.8065.8165.8332026∗194866.12∗65.78Δ25107440.110.480.20Rank312312[^3][^4]

Statistical analysis of the process parameter effects is presented in the ANOVA shown in [Table 10](#tbl10){ref-type="table"}. The result shows the relative percentage contribution of the process parameters to the BD S/N ratio values; and it is clear that the W/C ratio contributed most to the variation in the BD, followed by CSA content and then the E/C ratio. The result is consentient with that shown in [Table 9](#tbl9){ref-type="table"}. More so, only the W/C ratio had a statistically significant effect on the BD S/N ratio at 0.05 alpha level. As such, the optimum level for the W/C ratio ought to be used to achieve the desired BD for the sandcrete blocks. The other process parameters with insignificant effect can be utilized as economy factors.Table 10ANOVA for BD S/N ratio.Table 10Process parameterDOFSSVF-ratiop-valuePE/C ratio10.0580.0580.6760.4273.0W/C ratio20.7030.3514.0790.04536.5CSA20.1310.0660.7620.4886.8Error124.9330.08653.7Total1719.590100.0

For instance, either of levels 1 or 2 for the E/C ratio can be utilized since its effect is statistically insignificant to the BD. However, level 1 of the E/C ratio, which requires less material due to its higher void of 42% as shown in [Figure 3](#fig3){ref-type="fig"} would be preferable for economy. The values of the BD at the optimum level are shown in [Table 11](#tbl11){ref-type="table"}. These values can be utilized for prediction of the value of the optimum BD of 2093.5 kg/m^3^, as shown in [Table 5](#tbl5){ref-type="table"}.Table 11Optimal level values for the BD.Table 11Process parameterLevelBD value (kg/m^3^)S/N response value (dB)A1197865.92B3202666.12C1199365.98

### 3.2.3. Water absorption {#sec3.2.3}

The result for the mean WA and S/N ratio is summarized in [Table 5](#tbl5){ref-type="table"}. The values range around the specified value of 12% recommended by the Nigerian Industrial Standard for sandcrete block \[[@bib49]\]. The WA determines the long-term performance of the sandcrete block under severe exposure condition, such as water logging. It is crucial to identify the optimal setting of the process parameters required to achieve the optimum value of WA. To identify the optimal process parameter settings, Figures [10](#fig10){ref-type="fig"} and [11](#fig11){ref-type="fig"} and [Table 12](#tbl12){ref-type="table"} are used. The maximum values of the S/N ratio in [Figure 11](#fig11){ref-type="fig"} help to select the optimal process parameter levels, which minimizes the WA ([Figure 10](#fig10){ref-type="fig"}). The best setting was obtained at E/C ratio of 1:2, W/C ratio of 0.65 and CSA content of 20%. The result in [Table 12](#tbl12){ref-type="table"} shows that the W/C ratio is the most relevant process parameter for the WA, followed by the E/C ratio and then, the CSA content.Figure 10Parameter effect on the mean WA.Figure 10Figure 11Parameter effect on the mean S/N ratio for the WA.Figure 11Table 12Parameter effects on the WA and Taguchi S/N ratio.Table 12LevelWA (%)Taguchi η (dB)ParameterParameterABCABC113.6214.3412.7722-22.65-23.10-22.15212.04∗12.9112.9444-21.51∗-22.17-22.143-11.23∗12.7667∗\--20.97∗-21.95∗Δ1.583.110.181.132.130.20Rank213213[^5][^6]

To determine the process parameters, which significantly affected the WA, ANOVA was performed as shown in [Table 13](#tbl13){ref-type="table"}. At 0.05 alpha level, only the W/C ratio had statistically significant effect on the WA. The E/C ratio and CSA content can be considered as economy factors. For the CSA content for instance, the level 3 can be conveniently selected since it is better in terms of cost effectiveness because of the extent of partial replacement of cement. Also in terms of environmental friendliness, it encourages higher valorization of the CSA waste into a very useful cement-based material. More so, the use of a lower percentage of cement serves as an expedient means of mitigating the release of CO~2~ associated with cement production, into the atmosphere.Table 13ANOVA for WA S/N ratio.Table 13Process parameterDOFSSVF-ratiop-valuePE/C ratio15.7665.7663.8250.07415.3W/C ratio213.6676.8344.5340.03436.3CSA20.1570.0790.0520.9490.4Error1218.0881.50748Total1737.678100

The optimal process setting for the E/C ratio is level 2. This is due to the fact that the E/C ratio at level 2 had a void percentage of 38%, which limits the amount of water, trapped between the block hollow and thus, minimized the amount of water absorbed. Using the optimal settings of the process parameters, the optimum value of the WA is obtained as 10%. This value can be predicted using the optimal level values in [Table 14](#tbl14){ref-type="table"} and is satisfactory, based on the requirement of the Nigerian Industrial Standard \[[@bib49]\].Table 14Optimal level values for the WA.Table 14Process parameterLevelWA (%)S/N response value (dB)A212.04-21.51B311.23-20.97C312.7667-21.95

4. Conclusion {#sec4}
=============

Cement-based materials are highly desirable in building and construction due to their strength and durability qualities. However in recent years, the affordability and environmental eco-friendliness of these materials cannot be readily ascertained. It is widely known that a high amount of CO~2~ emission is associated with cement manufacturing, which promotes global warming.

In view of this, an attempt was made in the present study to develop a sustainable cement-based material using CSA, which is an agro-based waste material. Disposal of waste materials are generally associated with environmental degradation, such as landfill issues. The agro-based waste material was therefore utilized in the partial replacement of cement in sandcrete blocks due to cost effectiveness and environmental sustainability. Also, a modified sandcrete block mold with a higher void percentage and smaller E/C ratio was developed for cost effectiveness.

Taguchi\'s robust design was adopted for development of the sandcrete blocks in order to ensure adequate production quality, identify the optimal settings and significance of the process parameters on the sandcrete block properties including CS, BD and WA. The following conclusions can be drawn based on the results obtained:•The developed sandcrete block mold with E/C ratio of 1:2 is crucial for producing high CS and density blocks, however, the WA tendency is slightly higher than that of the conventional block with E/C ratio of 1:1.•All the process parameters had a statistically significant effect on the CS of the blocks at 0.05 alpha level. Hence, the optimal process parameter settings must be adhered to in order to achieve the best CS in a robust manner.•For the WA and BD, only the W/C ratio had a statistically significant effect on the sandcrete blocks at 0.05 alpha level and its optimal level setting must be used to ascertain quality sandcrete block production. On the other hand, the settings of the other process parameters can be rationally selected based on convenience.•The optimum values of the responses achieved through Taguchi optimization satisfied the requirements of the Nigerian Industrial Standard. The blocks produced in the present study can be considered appropriate for walling in areas with potential for moisture exposure such as groundwater conditions and as load bearing masonry units in buildings.
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Bulk density (BD) Coconut shell ash (CSA), compressive strength (CS), end-web to center-web (E/C), signal-to-noise (S/N), water absorption (WA), water-cement (W/C), Portland limestone cement (PLC), calcium silicate hydrate (CSH), calcium aluminum hydrate (CAH).

[^1]: Key: Δ represents the difference between maximum and minimum values of the responses.

[^2]: ∗ represents the optimum level.

[^3]: Key: Δ represents the difference between maximum and minimum values of the responses.

[^4]: ∗ represents the optimum level.

[^5]: Key: Δ represents the difference between maximum and minimum values of the responses.

[^6]: ∗ represents the optimum level.
